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Abstract 

The rapid advancement in the development of non-fullerene acceptors has led to single-junction 

polymer solar cells with efficiencies over 18%. Even with these novel acceptor materials, the choice of 

the donor polymer remains important. Tuning of the donor and acceptor compatibility in terms of 

absorption, frontier orbital energy levels, mixing enthalpy and charge carrier mobility is routinely 

performed by side chain variation. Fluorination presents an additional powerful approach to optimize 

these parameters. Although significantly less studied, chlorination can give rise to similar effects, while 

donor-acceptor phase separation due to fluorophobic interactions is less of an issue. Moreover, from a 

material synthesis point of view, the introduction of chlorine groups is in many cases much more 

straightforward. In this work, we present a series of push-pull type benzo[1,2-b:4,5-b']dithiophene-alt-

quinoxaline donor polymers and compare the behavior of the non-halogenated, fluorinated and 

chlorinated derivatives in polymer solar cells when combined with small molecule and polymer type 

non-fullerene acceptors. The solar cell efficiencies vary from 2.4 to 8.4%, elucidating the large impact of 

these small structural variations. Best results are achieved for the chlorinated donor polymer, affording 

a high open-circuit voltage, balanced charge carrier mobilities and favorable donor-acceptor 

interactions. Combined with the easier synthesis of chlorinated materials, this suggests that more 

emphasis should be put on chlorination as a valuable approach to tune the properties of organic 

semiconductors for solar cell blends (and other optoelectronic applications). 
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Introduction 

In recent years, non-fullerene acceptors (NFAs) have been established as a better alternative for 

traditional fullerene derivatives in bulk heterojunction organic photovoltaics (OPVs),1-9 addressing 

particular shortcomings in terms of light absorption, energy losses and production costs.6,10-13 Power 

conversion efficiencies (PCEs) over 18% have now been realized with small molecule acceptors in single-

junction devices.1,14  All-polymer solar cells lag a bit behind in efficiency, with PCEs now over 11%,2,9,15-17 

but may have specific advantages with respect to ink formulation, long-term (thermal and mechanical) 

stability and flexibility.8,18,19 

For these novel electron acceptors, the nature of the donor polymer obviously remains important. 

Among the high optical gap push-pull type copolymers affording best solar cell efficiencies in 

combination with NFAs, the family based on the electron-rich benzo[1,2-b:4,5-b']dithiophene (BDT) 

fused ring system has been very popular.20 BDT can be readily synthesized and its rigid and planar 

structure with a highly delocalized π-system reduces the optical gap and favors hole transport.21 It has 

also been demonstrated that appending conjugated side chains on the BDT core (e.g. alkylthienyl 

groups) increases the tendency to form crystallites with the desired face-on orientation. Additionally, 

the stabilization of the extended conjugated system lowers the highest occupied molecular orbital 

(HOMO) energy level, leading to an increase in the open-circuit voltage (VOC).22,23 On the other hand, the 

electron-deficient quinoxaline (Qx) monomer and its derivatives have also received much interest for 

the construction of electron donor polymers as well as non-fullerene acceptors.24-26 The easily 

modifiable structure allows fine-tuning of the opto-electronic properties through the facile introduction 

of substituents.27,28 This can often be done through simple, high-yielding and cheap synthetic 

procedures. The appealing characteristics of both BDT and Qx monomers have led to many different 

OPV materials affording high device efficiencies.20,27 They are usually linked via thiophene π-spacers to 

prevent twisting of the backbone, which limits the conjugation length. 

An often applied tool to tune the electrochemical and optical properties of active layer OPV materials is 

fluorination.28-33 The introduction of fluorine atoms on organic semiconductors generally increases their 

thermal and chemical stability, absorption coefficient and charge carrier mobility. Moreover, through 

the stabilization of both frontier orbital energy levels of a fluorinated electron donor polymer, the VOC 

can be increased while leaving the optical gap untouched. The increased planarization and 
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intramolecular interactions induced by the presence of fluorine atoms also promote π-π stacking, 

enhancing backbone ordering and crystallinity, which often has a beneficial effect on film morphology, 

and hence short-circuit current density (JSC) and fill factor (FF). More recently, it has been demonstrated 

that similar positive effects can also be achieved by chlorination instead of fluorination, which has 

economic benefits.34-37 Chlorinated aromatic compounds are in general more readily available. The 

introduction of a chlorine atom often requires fewer synthetic steps and a less tedious purification 

procedure as compared to introducing fluorine. However, the steric hindrance due to the larger radius 

of the chlorine atom can lead to (stronger) twisting of the polymer backbone, negatively impacting the 

photovoltaic characteristics.38  

In 2012, fluorination of BDT-Qx donor polymer materials enabled Chen et al. to achieve a PCE of 8.0%, 

through a combination of the standard 2-ethylhexyloxy-substituted BDT and a difluorinated Qx with m-

hexyloxyphenyl substituents, linked through a thiophene spacer.39 Combined with PC71BM, this polymer 

afforded a very high JSC  of 18.2 mA/cm², attributed to its broad absorption and high hole mobility. While 

studying the impact of fluorination on the BDT-Qx polymer, Liu and co-workers observed a clear 

improvement in VOC.40 They managed to raise the PCE to 8.5% through monofluorination of the BDT 

thienyl side group and difluorination of the Qx monomer. Employing the same polymer, Zhao et al. 

achieved a PCE of 9.0% by the application of a polymeric cathode interlayer.41 Zheng et al. subsequently 

combined this polymer with ITIC and realized a PCE of 11.3%.42 In several studies on the fluorination of 

the Qx substituents, Xu et al. acquired a PCE of 10.5% in combination with ITIC by introduction of a 

monofluorinated 2-ethylhexylthiophene side chain.43-45 Finally, Chen et al. recently synthesized a 

copolymer from an (octylthio)thiophenyl-2-yl substituted BDT and a difluorinated Qx with thiophene 

spacers.46 This polymer afforded a PCE of 8.7% with o-IDTBR as acceptor and 6.7% with the polymer 

acceptor N2200. Despite the increasing interest in chlorination, no attempt at synthesizing a chlorinated 

BDT-Qx polymer has been reported to date. 

Halogenation of electron acceptor materials has been intensively studied as well.47-49 One of the most 

applied classes of state-of-the-art electron accepting small molecules is based on 2-(3-oxo-2,3-dihydro-

1H-inden-1-ylidene)malononitrile, among which are ITIC and IEICO. The absorption of tetrafluorinated 

and tetrachlorinated ITIC (IT-4F and IT-4Cl, respectively) is red-shifted compared to ITIC. The LUMO 

energy level lowers from ITIC to IT-4F to IT-4Cl, while the HOMO energy level increases.37,50 The polymer 

acceptor PNDI(2OD)2T, also known by its brand name N2200 (Figure 1), has two halogenated 

derivatives, PNDI(2OD)2T2F and PNDI(2OD)2T2Cl (Figure 1), with the fluorine or chlorine atoms 
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introduced on the electron rich bithiophene part. The optical gap of the polymer increases by 

halogenation, which is most pronounced for the chlorination. In solar cell devices with PTB7-Th, 

application of PNDI(2OD)2T2F led to an increase in FF and Jsc due to the higher crystallinity and 

improved  electron transport of the fluorinated acceptor polymer, reaching a PCE up to 6.71%.33 To the 

best of our knowledge, PNDI(2OD)2T2Cl has not yet been investigated in bulk heterojunction organic 

solar cells, although it has been applied in n-channel transistors.51 

In the presented work, we describe the synthesis of three different donor copolymers based on 

thiophene-substituted BDT (BDTT) combined with a difluorinated Qx (Figure 1). To investigate the 

impact of halogenation, the BDT monomer was decorated with either non-halogenated, difluorinated or 

monochlorinated thienyl moieties. One single chlorine atom was introduced (as opposed to two fluorine 

atoms) to prevent severe twisting of the thienyl side chains. The three materials were then applied in 

bulk heterojunction OPV devices with ITIC, PNDI(2OD)2T and PNDI(2OD)2T2Cl (Figure 1) as acceptors. 

ITIC was chosen as it is the benchmark small molecule NFA,52 whereas PNDI(2OD)2T is an established 

acceptor for all-polymer OPVs.3 As the combination of halogen atoms on both the donor and acceptor 

materials has been demonstrated previously to improve OPV performance,53 the chlorinated derivative 

of PNDI(2OD)2T was also included. As anticipated, a higher degree of halogenation led to an increase in 

VOC, although this only resulted in an increase in the PCE in case of the chlorinated donor PBDTClT-TQxT, 

reaching a PCE of 8.43% in combination with ITIC. The low VOC losses of the PBDT2FT-TQxT blends 

enabled to reach the highest VOC values, up to 0.98 V with ITIC. However, this fluorinated donor polymer 

underperformed as compared to both the non-halogenated and the chlorinated donor with all tested 

acceptors due to the significantly lowered JSC and FF. In combination with the non-halogenated polymer 

acceptor, chlorination of the donor polymer did not improve the PCE. Introduction of chlorine on both 

the donor and acceptor polymers (PBDTClT-TQxT and PNDI(2OD)2T2Cl, respectively) did lead to a slight 

improvement, with a PCE up to 4.81%. Overall, this work shows that the use of chlorinated materials 

provides a facile way to tune and improve the properties of polymer:small molecule and 

polymer:polymer organic solar cell blends. 
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Figure 1. Chemical structures of the donor polymers PBDTT-TQxT, PBDT2FT-TQxT and PBDTClT-TQxT, and the 
acceptors PNDI(2OD)2T, PNDI(2OD)2T2Cl and ITIC. 
 

Results and discussion 

The synthesis procedures toward the required BDT and Qx monomers (depicted in Scheme 1) were 

taken from literature and slightly adapted.37,39,54-57 The naphthalenediimide (NDI) and bithiophene 

monomers necessary for the synthesis of the acceptor polymers were also synthesized according to 

literature procedures.58-60 Details on the synthetic procedures can be found in the Supplementary data. 

For the halogenated BDTT monomers, the initial focus was on the difluorinated BDT2FT. During 

fluorination of the alkylated thiophene (step vii in Scheme S1), significant formation (>20%) of the 

monofluorinated derivative was observed. By taking exceptional care to avoid possible proton sources 

(overnight high vacuum treatment of reagents, storage of glassware in a drying oven, use of freshly 

dried solvents, argon atmosphere), this side reaction was inhibited. Nevertheless, the final stannylated 

BDT2FT contained 5-10% of the monofluorinated analogue (as analysed by 1H NMR spectroscopy; Figure 

S4). Although the synthesis of this compound has been described in the past, no mention was made of 

the mono-F impurity and no NMR spectra were shown to confirm its absence.54,55,61 As such, the impact 

of this impurity on the final OPV device performance is not known. The synthesis of the chlorinated 

BDTClT monomer requires significantly less steps as the chlorinated thiophene building block is 

commercially available and no protecting group is needed. The ‘synthetic complexity’ of this monomer is 

hence significantly smaller.62  

All alternating copolymers were synthesized by Stille cross-coupling. The polymerizations were 
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performed overnight in chlorobenzene at 110 °C using the Pd2(dba)3−P(o-tol)3 catalyst system (Scheme 

1). Following the polymerization reactions, residual palladium traces were removed by extraction with 

an aqueous diethyldithiocarbamate solution, after which the polymers were separated into fractions 

with varying solubility (molar mass) using Soxhlet extractions. Details on the reaction conditions and 

work-up can be found in the Supplementary data. 

 

Scheme 1. Synthesis of the BDTT and NDI based copolymers by Stille cross-coupling. All polymerization reactions 
were performed with Pd2(dba)3 and P(o-tol)3 in chlorobenzene at 110 °C. 

The molar mass distributions of the donor and acceptor copolymers were analyzed by gel permeation 

chromatography (Figure S1), which was performed at high temperature (140 °C in o-dichlorobenzene) to 

minimize polymer aggregation. The observed values (Table 1) are all in the same range, which allows 

proper comparison of the OPV device parameters. MALDI-ToF (matrix-assisted laser 

desorption/ionization - time of flight) mass spectrometry was performed to analyze the structural 

compositions of the polymers (Figure S10–S14). Methyl (from the trimethylstannyl reactive groups), 

phenyl (from the reaction solvent), tolyl (from the phosphine ligands) and bromine end groups were 

detected. For PBDTT-TQxT and PBDTClT-TQxT, some minor signals pointing to homocoupled side 

products could be identified.63,64 

The polymer donor materials have similar absorption patterns with a main band due to intramolecular 

charge transfer peaking around 600 nm and smaller bands which can be attributed to the π-π transitions 

of the individual building blocks (Figure 2). The absorption spectra of the halogenated polymers are 

slightly blue-shifted compared to the reference polymer PBDTT-TQxT. The optical gaps are within the 
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range of 1.71 to 1.79 eV (Table 1). Based on cyclic voltammetry (CV) measurements, the HOMO energy 

level for both the fluorinated and the chlorinated donor polymer are found to be around −5.55 eV, 

whereas the HOMO of PBDTT-TQxT is slightly higher (−5.46 eV; Figure S2). The LUMO energy levels 

remain virtually the same (−3.35 eV) (Table 1), as expected since the quinoxaline monomer remains 

unaffected. The lower HOMO levels for the halogenated donor polymers are in line with the blue-shifted 

absorption spectra.  

 

 

Figure 2. UV-Vis-NIR absorption spectra of the different donor and acceptor materials in solution (a) and 
normalized absorption spectra in thin film (b). 
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Table 1. Molar mass (distribution), optical and electrochemical data for the donor and acceptor materials. 

 Mn (104 g mol-1) Đ HOMOa (eV) LUMOa (eV) Eg
OP b (eV) 

PBDTT-TQxT 4.5 2.0 -5.46 (-5.34) -3.35 (-2.69) 1.71 

PBDT2FT-TQxT 5.0 2.1 -5.58 (-5.43) -3.37 (-2.80) 1.79 

PBDTClT-TQxT 7.1 1.8 -5.53 (-5.45) -3.35 (-2.81) 1.78 

PNDI(2OD)2T 4.2 2.4 -6.02 (-5.92) -3.99 (-3.49) 1.52 

PNDI(2OD)2T2Cl 5.7 2.0 -6.30 (-6.40) -4.13 (-3.70) 1.70 

ITIC / / -5.80 -4.17 1.59 

a Determined by CV from the onset of oxidation/reduction. Values from DFT calculations in parentheses (M06 exchange-
correlation functional, 6-311G(d) basis set). b Optical gap, determined by the onset of the solid-state UV-Vis-NIR absorption 
spectrum. 

Chlorination of the polymer acceptor PNDI(2OD)2T, yielding PNDI(2OD)2T2Cl, has a more significant 

impact on the absorption spectrum. The absorption spectrum of the latter is strongly blue-shifted 

compared to that of the former, with an optical gap in film of 1.70 eV, compared to 1.52 eV, respectively 

(Table 1, Figure 2). The absorption maximum of PNDI(2OD)2T2Cl is blue-shifted to ~600 nm (vs ~700 nm 

for PNDI(2OD)2T and 684 nm for the fluorinated analogue65), likely due to a combination of electronic 

and steric factors (vide infra). The small molecule acceptor ITIC has an absorption maximum in the same 

wavelength range as PNDI(2OD)2T, with an optical gap of 1.59 eV. Based on electrochemical analysis, 

PNDI(2OD)2T has the highest LUMO level (−3.99 eV), followed by PNDI(2OD)2T2Cl (−4.13 eV) and ITIC 

(−4.17 eV), which is hence the strongest acceptor in the series (Figure S2). 

To achieve additional insights on the above optical and electrochemical results and to get an idea of the 

geometry of the BDTT-TQxT and NDI-2T copolymer structures, density functional theory (DFT) 

calculations were carried out using Gaussian1666 with the M06 exchange-correlation functional67 and 

the 6-311G(d) basis set. The geometries of D-A-D-A-D (D = donor, A = acceptor) type oligomers for NDI-

2T and D-A-D-A oligomers for BDTT-TQxT were optimized (Figure S15–S19). Different conformations 

(with respect to the orientation of the D and A subunits) were investigated and the most stable 

conformers were further analyzed. For the NDI-2T oligomers, the influence of the relatively large 

chlorine atoms on the dihedral angle between the two thiophene units is obvious. The torsion angle 

between the central thiophene units enlarges from 24.4° for PNDI(2OD)2T to 46.0° for PNDI(2OD)2T2Cl. 

This is in line with the blue-shifted absorption for PNDI(2OD)2T2Cl as the larger twist disrupts 

conjugation along the polymer backbone. The HOMO is also slightly less delocalized along the oligomer 

backbone. For the PBDT-TQxT series, the influence of the halogen atoms is smaller because they are 
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found in the BDT side chains, as opposed to being in the backbone for the acceptor polymers. No 

apparent changes in the HOMO nor LUMO topologies can be observed as the thiophene units in the BDT 

side chains appear to be electronically decoupled from the BDT unit itself. However, due to the electron-

deficient nature of these atoms, it is viable that they decrease the donor strength of the BDT units. The 

calculated HOMO-LUMO energy levels are in good (qualitative) agreement with the trends observed 

experimentally (Table 1). 

Bulk heterojunction organic solar cells were then prepared using (mostly) the inverted device 

architecture glass/ITO/ZnO/active layer/MoOx/Ag. The optimized device performance data are listed in 

Table 2 and the corresponding J-V curves are depicted in Figure 3. All device optimization efforts can be 

retrieved from Table S1–S3. For the best devices, the donor:acceptor solutions were processed from 

chlorobenzene with addition of 1,8-diiodooctane (DIO) as a processing additive. With ITIC as the 

acceptor, PBDTT-TQxT afforded an average PCE of 7.4%.42 When using the halogenated polymer donors 

(Table 2) the VOC values were higher, as anticipated because of the deeper HOMO levels. Despite 

affording the highest VOC (0.98 V) in the series, a significantly lower FF and JSC were observed for the 

PBDT2FT-TQxT:ITIC blend, leading to the lowest average PCE of 4.9%. In the case of PBDTClT-TQxT, the 

JSC increased and the FF remained high, affording an average PCE of 8.2%. For the all-polymer solar cells, 

the PBDTT-TQxT:PNDI(2OD)2T devices gave the highest PCE of 4.6%. The efficiency went down for the 

halogenated donor polymers PBDTClT-TQxT (3.8%) and PBDT2FT-TQxT (2.2%). Although the VOC again 

improved upon moving from the non-halogenated to the chlorinated and fluorinated donor polymer, 

this effect was not sufficient to compensate the strong reduction of the JSC and FF. For the all-polymer 

solar cells based on the chlorinated acceptor polymer PNDI(2OD)2T2Cl, the best efficiency was obtained 

for the chlorinated donor polymer PBDTClT-TQxT, with an average PCE of 4.3%, followed by PBDTT-TQxT 

(3.5%) and PBDT2FT-TQxT (2.4%).  
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Figure 3. Current-density plots for the polymer solar cell devices (affording average PCEs) fabricated from the 
three donor polymers in combination with ITIC (a), PNDI(2OD)2T (b) and PNDI(2OD)2T2Cl (c). 
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Table 2. J-V parameters for the optimized polymer solar cells. 

Donor:Acceptor  Additive 
(% DIO) 

VOC 
a

  

(V) 
JSC 

a  
(mA cm-2) 

FF a PCE a  
(%) 

Best PCE  
(%) 

PBDTT-TQxT:ITIC b 1 0.84 13.57 0.65 7.39 7.45 

PBDT2FT-TQxT:ITIC b 3 0.98 9.46 0.53 4.90 5.13 

PBDTClT-TQxT:ITIC b 1 0.94 14.61 0.60 8.22 8.43 

PBDTT-TQxT:PNDI(2OD)2T b 0.5 0.82 9.49 0.58 4.56 4.72 

PBDT2FT-TQxT:PNDI(2OD)2T b 3 0.94 5.05 0.46 2.22 2.35 

PBDTClT-TQxT:PNDI(2OD)2T b 1 0.92 7.87 0.53 3.81 3.97 

PBDTT-TQxT:PNDI(2OD)2T2Cl c 0.5 0.73 8.58 0.57 3.54 3.88 

PBDT2FT-TQxT:PNDI(2OD)2T2Cl c 3 0.92 4.91 0.54 2.43 2.84 

PBDTClT-TQxT:PNDI(2OD)2T2Cl c 1 0.88 8.28 0.59 4.31 4.81 

a Average values were taken over (at least) 4 devices. Inverted device architecture: glass/ITO/ZnO/active layer/MoOx/Ag. Donor 
and acceptor were blended in a 1:1 weight ratio. b Total concentration of 20 mg mL-1 in chlorobenzene. c Total concentration of 
16 mg mL-1 in chlorobenzene.  

 

To get more insight into the observed variations of the J-V parameters, hole- and electron-only devices 

were made using a glass/ITO/PEDOT:PSS/active layer/MoOx/Ag and glass/ITO/ZnO/active layer/Ca/Al 

architecture, respectively (Table S4, Figure S20). Whereas all mobility values are within the same range 

(1 · 10-5 to 5 · 10-4 cm2V-1s-1), the blends of the fluorinated donor polymer PBDT2FT-TQxT with the two 

acceptor polymers stand out because of their imbalanced hole and electron mobilities. AFM analysis of 

the active layers of all OPV devices was also performed and the resulting images are shown in Figure 4. 

Again, the most notable differences were observed for the blends based on the fluorinated donor 

polymer PBDT2FT-TQxT, showing a more rough surface, suggesting a higher degree of phase separation 

and thereby explaining the reduced JSC observed for these devices. 
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Figure 4. 10 x 10 μm AFM images obtained for polymer solar cell devices made from a) PBDTT-TQxT:ITIC, b) 
PBDT2FT-TQxT:ITIC, c) PBDTClT-TQxT:ITIC, d) PBDTT-TQxT:PNDI(2OD)2T, e) PBDT2FT-TQxT:PNDI(2OD)2T, f) 
PBDTClT-TQxT:PNDI(2OD)2T, g) PBDTT-TQxT:PNDI(2OD)2T2Cl, h) PBDT2FT-TQxT:PNDI(2OD)2T2Cl, and i) PBDTClT-
TQxT:PNDI(2OD)2T2Cl. 

Finally, external quantum efficiency (EQE) (Figure S21) and sensitive EQE (sEQE) (Figure 5) 

measurements were performed on all solar cell devices. Plotting the sensitively measured EQE spectra 

on a logarithmic scale reveals the presence of subgap absorption features for some of the 

donor:acceptor combinations. Using ITIC as acceptor results in the formation of a CT absorption band 

when combined with PBDTT-TQxT, which blue-shifts and disappears upon chlorination or fluorination of 

the donor (Figure 5a), as expected due to their lower HOMO energy levels. This indicates a reduction of 

the driving force for electron transfer to a value less than kT and results in an increase in VOC (Table 3).  

A similar effect is observed when using PNDI(2OD)2T as acceptor (Figure 5b).   
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Figure 5. sEQE spectra for the polymer solar cell devices (affording average PCEs) fabricated from the three donor 
polymers in combination with ITIC (a), PNDI(2OD)2T (b) and PNDI(2OD)2T2Cl (c). 

Also when using the chlorinated acceptor PNDI(2OD)2T2Cl, CT absorption bands are visible at photon 

energies < 1.4 eV, gradually blue-shifting with decreasing donor strength. Furthermore, a notable 

feature is apparent in the sEQE spectra at 1.6 eV for the devices with all three donor polymers. We 
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therefore attribute this feature to originate from the PNDI(2OD)2T2Cl polymer, as apparent from sEQE 

spectra of single layer PNDI(2OD)2T2Cl devices (Figure S22). This feature possibly originates from 

stacked PNDI(2OD)2T2Cl chains producing low energy interchain CT transitions68 and is absent for the 

blends comprising regular PNDI(2OD)2T.  

The theoretically maximum achievable VOC under solar conditions, VOC
rad, was calculated for every blend 

according to a previously reported method (Table 3).69 Halogenation of the donor polymer results in an 

increase of the VOC
rad with all three acceptors. The difference between the measured VOC and VOC

rad is 

due to non-radiative decay pathways only. The blends with the fluorinated donor exhibit the lowest VOC 

loss (ΔVnon-rad) with all three acceptors, resulting in the highest observed VOC in OPV devices. 

Nevertheless, higher PCEs were obtained for blends of the non-halogenated and chlorinated polymers 

due to higher FF and JSC values.  

Table 3. Measured VOC, calculated VOC
rad and VOC loss of the polymer solar cell devices. 

Donor:Acceptor VOC measured (V) VOC
rad calculated (V) ΔVnon-rad (V) 

PBDTT-TQxT:ITIC  0.84 1.14 0.30 

PBDT2FT-TQxT:ITIC 0.98 1.24 0.26 

PBDTClT-TQxT:ITIC 0.94 1.24 0.30 

PBDTT-TQxT:PNDI(2OD)2T 0.82 1.13 0.31 

PBDT2FT-TQxT:PNDI(2OD)2T 0.94 1.16 0.22 

PBDTClT-TQxT:PNDI(2OD)2T 0.92 1.16 0.24 

PBDTT-TQxT:PNDI(2OD)2T2Cl 0.73 1.11 0.38 

PBDT2FT-TQxT:PNDI(2OD)2T2Cl 0.92 1.21 0.29 

PBDTClT-TQxT:PNDI(2OD)2T2Cl 0.88 1.21 0.33 

 

Conclusions 

Three donor copolymers based on 4,8-di(thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene were 

synthesized, varying the degree of halogenation of the thienyl substituents. Photovoltaic devices were 

made with either ITIC as small molecule acceptor or PNDI(2OD)2T and PNDI(2OD)2T2Cl as polymer 

acceptors. The chlorinated donor polymer PBDTClT-TQxT afforded the highest (average) efficiency of 

8.2% in the ITIC series, which can mainly be attributed to the higher VOC as compared to the non-

halogenated donor polymer. For PNDI(2OD)2T, the higher VOC obtained with the chlorinated donor 

polymer did not compensate for the lower FF and JSC. As a result, the non-halogenated PBDTT-TQxT 

donor polymer worked best with the non-halogenated acceptor polymer, achieving a PCE of 4.6%. When 

combined with the chlorinated acceptor polymer PNDI(2OD)2T2Cl, the chlorinated donor again afforded 
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the best result, with a PCE of 4.3%. Although the PBDT2FT-TQxT blends gave the highest VOC values, up 

to 0.98 V with ITIC, and the lowest VOC losses with all three electron acceptors, this donor polymer 

always afforded the lowest efficiencies. The severely lowered JSC and FF values are likely related to 

unfavorable interactions of the fluorinated copolymer with the acceptor materials. As the PBDTClT-TQxT 

donor polymer clearly gave the most promising results and is also much easier to synthesize as 

compared to the fluorinated derivative, we conclude that chlorination is an undervalued approach to 

afford high-performance OPV materials and blends and should receive more attention by the organic 

electronics community.  
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